We propose a mechanism for time reparametrization symmetry breaking in canonical gravity. We consider a model of spinor gravity, based on Sen's reformulation of canonical gravity as a spin system, with one additional long-range self-interacting massive spinor particle that is coupled to spinor gravity. The symmetry breaking is identified with the origin of the quantum mechanical nonunitary evolution. Our theory uses an idea from the Penrose argument for space-time uncertainties in its interpretation of quantum mechanics.
I. INTRODUCTION
Since the advent of the Copenhagen interpretation of quantum mechanics [1] , there have been many distinct proposals from quantum physicists with various backgrounds to resolve the problems of measurement and the origin of the quantum state reduction that generates nonunitary time evolution of state vectors [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] .
In this paper, as a new approach, we address a connection between time itself and non-unitary time evolution in quantum mechanics by extending canonical gravity theory. Our mathematical model is based on the reformulation of canonical gravity as a spin system by Amitabha Sen [14] [15] [16] and in our interpretation of quantum mechanics we use the notion of the Penrose uncertainties assigned to superposed space-times [13] , which we relate to the quantum superposition of originally definite (i.e., with no uncertainty) particle positions or of originally definite particle momenta in a coherent second-quantized system. Here, the second-quantized treatment of particles is needed for this interpretation to avoid the issue of the indistinguishability of identical particles whose positions and momenta are originally definite.
Before we explain our strategy, let us first give an overview of the time concept in canonical gravity. In this paper, to study the time evolution of space-time structure, we use the Arnowitt-Deser-Misner (ADM) 3 + 1 decomposition of a space-time (M, g µν ) [17, 18] in the canonical formalism. In the time evolution of a spacelike hypersurface Σ t0 in M , the initial data are a pair of symmetric tensor fields (q ab , π ab ), that is, the metric q ab (x, t 0 ) (for which we choose the signature (−, −, −)) induced from (M, g µν ) and the second fundamental form π ab (x, t 0 ). In the ADM decomposition method, the square of the line element in M is written as
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Hamiltonian of a space-like hypersurface Σ t0 is
where
both of which must vanish in the absence of a cosmological constant by including the contributions from other sectors as constraints with Lagrange multipliers N and N a , respectively, in the totally constrained system with scalar curvature R and covariant derivative D a on (Σ t0 , q ab ) and π = π mn q mn . Intuitive interpretations of Eqs. (1) and (2) are as follows: (i) when we regard Σ t0 as the embedding of a space manifold S into spacetime M , denoted by e = e t0 (x), the lapse function N and the shift vector N a are the components of the deformation of the embedding ∂e/∂t 0 perpendicular and parallel to Σ t0 , respectively [19] ; (ii) due to their role as Lagrange multipliers for the 3 + 1 decomposition in the totally constrained system, the lapse function N and the shift vector N a are the time-dependent variables of time reparametrization and the space diffeomorphism of S, respectively; and (iii) the arbitrariness of the four variables N and N a in the space-time metric g µν reflects the arbitrariness of choice of space-time coordinate system. Next, following Sen, we recast the lapse function and the shift vector in terms of a spin system. As in Ref. [14] , we consider an SL(2, C) spinor field variable λ α , with four field degrees of freedom, on M and restrict it to Σ t0 . We call this the space spinor. We denote by t µ the field of unit vectors on M that is normal to the family of Σ t0 in the 3 + 1 decomposition. We restrict t µ to Σ t0 and then represent the covariant four-vector t µ = g µν t ν , at each point p in Σ t0 , by a natural Hermitian isomorphism t α ′ α between the complex conjugate space,W , of the complex two-dimensional vector space W of primed space spinors of arbitrarily given kind at p and the dual space, V * , of the vector space V of unprimed space spinors of one kind:
Here, we lower and raise space spinor indices by contraction with a non-degenerate symplectic form ǫ αβ , with which we equip V , having a skew pair of space spinor indices. From this isomorphism, t α ′ α , we obtain a natural Hermitian positive-definite inner product (λ, η) = λ †α η α , between λ α and η α in V at a point p, as an additional structure on V . The group that preserves the structure of (V, (, ), ǫ αβ ) is SU (2). So, space spinors obtained from elements of V by varying p over Σ t0 are in fact SU (2) spinors on Σ t0 . Due to this feature of space spinors, we can relate them to the geometry of Σ t0 with the induced negative-definite metric q µν = g µν − t µ t ν such that q µν t ν = 0 holds. For instance, we can express spatial tensors on Σ t0 that vanish by contraction with t µ or t µ in terms of space spinors by replacing each spatial tensor index by a symmetric pair of space spinor indices: for example, we write T a as T (αβ) such that T †(αβ) = −T (αβ) holds for the SU (2) adjoint †. Sen modeled the lapse function N and the shift vector N a as two kinds of squares of a dimensionless space spinor λ α [16] :
As a result, time lapses and the causal structure of the world are encoded in the Sen spinor field λ α . An original aspect of our approach is that we extend Sen's spin model by introducing one additional longrange self-interacting massive spinor particle that is physically coupled with Sen's spinor by a spin-exchange interaction. We call this new spinor particle the theta particle and hypothesize it to be cold dark matter. In the present model, we assume that the role of the theta particle is such that it only interacts with time lapses and the causal structure of the world, that is, the temporal part of the space-time metric, via its coupling to Sen's spinor and has no direct interaction with the standard model elementary particles except for the origin of its mass.
Our strategy for deriving non-unitary time evolution (including event readings) in the world, as measured by its proper time, of a spatially macroscopically coherent quantum matter system Ψ by solving the Schrödinger equation written using time increments is to show that fluctuations of the time increment around its trial mean are induced by a spontaneous time reparametrization symmetry (TRpS) breaking in this extended canonical gravity [41] , where the theta particle plays the role of creating the TRp invariant potential in the total system of theta particles and Sen's spins in the coherence domain of Ψ. In canonical classical gravity, TRpS is manifest in its total Hamiltonian. In canonical quantum gravity, as seen from the Wheeler-DeWitt equation of the wave function of the Universe, there is no Newtonian concept of external time, and only an internal clock exists [20] [21] [22] [23] [24] . This situation is caused by the fact that, besides canonical gravity being a totally constrained system, the object of its dynamics is the Universe itself.
The structure of this paper is as follows. In Sec. II, we present the Hamiltonian of theta particles based on Sen's reformulation of canonical gravity as a spin system. In Secs. III and IV, we describe the mechanism of TRpS breaking and the consequent measurement processes of quantum systems in our model. In Sec. V, we summarize our results and discuss some aspects of our model.
II. THETA PARTICLE HAMILTONIAN
In this paper, our interest lies in the spatial weak-field case
In this section, we introduce the spin 1/2 fermionic theta particle field on Σ t0 and extend canonical gravity. We do this in a way that its four-dimensional relativistic spin-variable space matches that of the Sen spinor field: it is the composite of its own Sen's spinor (we denote this spinor by Λ α to distinguish it from λ α ) and a scalar particle Φ that carries the mass. We hypothesize theta particles to be cold dark matter and, to simplify the model setting, we deal with only theta particles with velocities that are very low relative to the speed of light. Then, the theta particle field is approximately described by a non-relativistic Pauli SU (2) two-component spinor field, Θ α , on Σ t0 with dimensions [L −3/2 ]. In our model, two kinds of short-range orbital interactions are assumed. Namely, though λ α has no orbital self-interaction, we assume that the background Λ α of Θ α has a two-body orbital self-interaction and that the triple λ α -Λ α -Φ has a three-body orbital interaction.
In the SO(3) vector spin model, in which all variables are treated as their field amounts, we define the direction of the theta spin by
and require that it physically couples to the Sen spin λ α by a strong coupling (−J c > 0):
where N a phys is the part that is spatial-diffeomorphismgauge independent (i.e., the physical part) of the shift vector N a :
where both N a phys and N a rest give a spatial displacement of Σ t0 in M accompanying the time evolution of Σ t0 via their respective couplings to momenta, but the displacement due to N a rest is attributed to the choice of spatial diffeomorphism gauge. H c is invariant under TRp at the level of canonical equations, since the combination H c dt 0 is invariant under TRp. H c is regarded as an effective interaction, that is, a spin-exchange interaction between two kinds of Sen spin (λ α and Λ α ) with common twodimensional non-relativistic spin eigenspaces. A spinexchange interaction is the reduced form of an orbital interaction that is obtained as the quantum mechanical average of the orbital interaction by integrating out orbital degrees of freedom [25] .
Next, we model the Hamiltonian of the theta particle field Θ α itself as that of a spin model with a long-range ferromagnetic interaction via a massless wave of a continuous succession of spin-exchange interactions, which propagates in the background Λ α of Θ α ,
where in the Newtonian limit,
for a theta particle field Θ α with mass m, canonical momentum π α = i Θ α and a positive-valued long-range decay factor −J/|x − x ′ |, with a constant −J > 0, that generates an inverse square law force.
In the form presented here, the system H spin manifests a global SU (2) spin rotation symmetry. This global symmetry is gauged by the background Λ α of Θ α that does not explicitly appear in h spin .
In our model, we also consider the matter sector Ψ. The chain of interactions and correlations between Θ, λ and Ψ is schematically shown in the diagram
In our model, while (b) is a short-range interaction, (a) is a long-range self-interaction. The process (c) defines the lapse function N and the shift vector N a , and the right-directed arrow of (d) arises from time-dependent processes in the world for Ψ with its proper time including the ADM time lapse. The correlation (e) is indirect and causally a one-way process.
III. SYMMETRY BREAKING
This paper's main statement is that, in our model, TRpS can be broken in time-dependent processes in the world of a spatially macroscopically coherent quantum matter system Ψ (assuming that it is, at least typically, above the micrometer scale) and this TRpS breaking leads to non-unitary time evolution in this world, as measured by its proper time.
Throughout this paper, the term coherence is used with the meaning of quantum coherence of superposed de Broglie waves and superposed photons [26, 27] .
In a quantum coherent state realized in a spatial domain, there is an overwhelming majority of quanta with a specific mode (i.e., a momentum eigenstate). Then, due to the position-momentum uncertainty relation, in this state, the three position uncertainties are realized with the dimensions of this domain. Now, we assume a second-quantized matter system Ψ of n identical particles, with the coherence of Ψ limited by macroscopic lengths ℓ a (a = 1, 2, 3) at a time t 0 . Then, the existence of the macroscopically, in the quantum mechanical sense, ferromagnetically ordered distribution of n physical Sen spins over the time-dependent coherence domain of Ψ in Σ t0 at time t 0 follows. [In general, the n physical Sen spins stochastically accompany a secondquantized n-body system Ψ comprising arbitrary kinds of particles, with the same existence probability as that of Ψ, while the position uncertainty of Ψ is kept.]
The key fact for showing this existence is that the dimensions ℓ a of the coherence domain are smaller than the spatial stochastic means of the Penrose position uncertainties ∆x a t0 (x), in the identification between the spacetimes having the complex-valued probability amplitudes of Ψ under superposition. These uncertainties are taken to be the root mean square error (for its weight, see below) in spatial identification of the originally definite positions of particles (taking into account the Pauli exclusion principle for identical fermions) at a point x a in the time slice Σ t0 :
for a field of unit vectors n a t0 (x), the root mean squares ∆x a weighted by the one-particle probability density ℘(x) of Ψ in the particle picture as in ∆x a itself [26, 27] , the vector modulus of the expectation values | N a phys,t0 |(x), and the TRp invariant MandelstamTamm time uncertainty [28, 29] 
which is constant over Σ t0 and characteristic of the rate of change of the system (Σ t0 , q ab ) itself at the time t 0 -below this critical time scale σ, space-like hypersurfaces Σ t0 that are selected from superposition by the position measurements of particles are practically identical for different measurement times t 0 [29] . Thus, we obtain
The reason why we take the root mean square ∆x a of ∆x a (x) in Eq. (16) is that just after the state reduction, the particle position stochastically takes a definite value x a in the full sense with the event probability ℘(x) and this value x a needs to match the originally definite position value where, as the root mean square error in the spatial identification of this originally definite position, the uncertainties ∆x a (x) are defined. In Eq. (16), n a is the direction of the group velocity N a phys of the spatial displacement of Σ t0 in M under superposition. This direction of the group velocity is arbitrarily chosen, due to the SU (2) gauge symmetry, and needs to be definite within the coherence domain. Here, we note three points about the above statements. First, ∆x a (x) can be realized at a specific point x a in Σ t0 only stochastically with event probability ℘(x). Second, the time-energy uncertainty relation is not applied to the Mandelstam-Tamm time uncertainty σ because σ is not defined through Hamiltonian mechanics but is just the dispersion of time increment trials given at a time t 0 . Third, the Pauli exclusion principle is not applied to λ α because λ α is dimensionless and thus has no orbital degree of freedom. Now, when we define the magnetization of a system of uniformly distributed spins by the vector modulus of (weighted) arithmetic means of the spin vector components over this system, Eq. (16) shows approximately that a finite magnetization, weighted by ℘, of n expected physical Sen spatial spin vectors of the order of |n a ℓ a |/∆t 0 is generated for the root mean square ∆t 0 weighted by ℘. When n is large enough, the configuration of added physical Sen spins generates a magnetized (i.e., ferromagnetically ordered) distribution of spin vectors of theta particles τ a via the strong ferromagnetic coupling H c that aligns the direction of τ a to that of N a phys . This effect at zero temperature induces the spontaneous breaking of the SU (2) gauge symmetry of the total spin system of theta particles and physical Sen spins within the coherence domain. Here, an important point is that, due to Eq. (13) , interactions between these aligned theta spins in the magnetized system are attractive.
Once such a spatially macroscopically coherent quantum system accompanies a locally isolated theta particle system with aligned spins, the theta particles in it settle down to their local collisionless equilibrium state due to the long-range nature of the attractive interactions in h spin [30] [31] [32] . Based on recent results in the meanfield analysis of the three-dimensional self-gravitating model [33] and the core-halo structure of the collisionless equilibrium state in the simplest benchmark model for systems of the type given in Eq.(13) [31, 32] and the universality of Lynden-Bell statistics in long-range interacting systems, we arguably infer that in general, the collisionless equilibrium state f (ε) of the one-particle energy ε with the self-consistent mean-field potential of this system, in the mean-field treatment, does not undergo a sufficiently violent relaxation process to reach the LyndenBell ergodic equilibrium but is realized as a superposition of two independent, core and halo, Lynden-Bell coarsegrained distributions
for the coarse-grained phase-space density η and two Lagrange multipliers: inverse temperature β for the total energy and chemical potential µ for the total mass conservation. This was discovered and called the double Lynden-Bell distribution in Ref. [32] , and has, in particular, two coexisting chemical potentials. (The evaporated masses [33] , that is, the masses that have completely escaped from the main cluster are excluded from the local system.) Here, due to the Pauli exclusion principle, which is applicable because of the fermionic nature of Θ α that has orbital degrees of freedom, and the alignment of the initial theta spins, we consider an initial phase space (µ-space) distribution of the water-bag type (i.e., with a single non-zero fine-grained level). The ground state of the theta particle system is
for the Heaviside step function θ(ε) and the Fermi energy ε F (i.e., the chemical potential at zero temperature) of the Lynden-Bell distribution at zero temperature. Here, two remarks about the collisionless equilibrium are made. First, in the collisionless equilibrium of a long-range interacting system, as a result of phase mixing, the variable of the fine-grained Vlasov distribution is the one-particle energy only [34] . The second remark concerns the persistence of this equilibrium. A general property of long-range interacting systems means that, in the thermodynamic limit (i.e., the limit that the particle number ν tends to infinity while fixing the energy per particle E/ν), the lifetime of the collisionless equilibrium diverges, the theta particle system never approaches the Boltzmann-Gibbs equilibrium (i.e., the collisional equilibrium) from the collisionless equilibrium, and its kinetics is fully governed by the Vlasov equation (i.e., the collisionless Boltzmann equation) when we discuss nonequilibrium properties [34, 35] . This thermodynamic limit can be realized in a quantum mechanically macroscopic scale coherence domain if two assumptions hold. First, the theta particle is light (so, high-density) cold dark matter-like the axion, which is an ultralight candidate for cold dark matter [36] -owing to the low amount of energy exchanged with other theta particles in incoherence domains that do not align nor gather theta particles and occupy the overwhelming majority of space. Second, the ferromagnetic coupling constants J c and J are strong enough to attract and confine such a large number of theta particles to the coherence domain that belongs to an exceptionally minor fraction of space.
In the theta particle ground state of the system, H c can be written as
where κ is TRp invariant, ν is the theta particle number of the system, and ρ . This property of V c is confirmed by noting that, in the particle description, V c is written as
where time lapses N t0 (x (i) ) correspond to the time lapse densities ρ
0 N in Eq. (23) . Here, we note that this coarsegraining is applied not to the proper time t but to the energy V c , so V c is necessary and J c needs to be nonzero. Due to this main property of V c , the ground state one-(Θ, λ phys )-pair distribution function of the total spin system is in the form
This expression means that for i = 1, 2,
where f 
0 (x) as the weight, respectively. In Eq. (26), we apply the definition of a distribution function in statistical mechanics as the weight in the averages of variables to the theta particle system. In Eq. (27) , for i = 1, 2, the first and the second equalities define, respectively, N (i) and the N x -dependence of f
0 . Now, we show that TRpS on the lapse function N does not hold due to its inconsistency with the theta particle part of f 0 : TRpS is preserved for r (1) 
, which is equivalent to the TRp invariance of V c , but nonzero N (1) −N (2) breaks TRpS spontaneously. The crucial point here is that, due to the superposition form of the distribution f 0 and the singleness of its non-zero finegrained level, for every theta or physical Sen spin, it is in principle impossible to specify to which component f and f (2) 0 . Due to this point, in the ground state f 0 , TRp, that is, a replacement of the clock in the theta particle system-t 0 → t ′ 0 = F (t 0 )-is required to be applied for both proper times t (i) for i = 1, 2 by a single correspondence rule (i.e., a single time lapse) between clock and proper time due to the singleness of f 0 . Thus, one of the two proper times becomes an obvious constraint on TRp for the other proper time, which breaks TRpS on the lapse function N spontaneously in a collisionless equilibrium theta particle system.
Once TRpS breaks spontaneously, the lapse function in Eq.(23) decomposes into N = N 0 +Ñ (28) for ground state expectation value N 0 and zero-mean fluctuationÑ . Thus, the proper time t also decomposes into t = t 0 +t (29) for ground state expectation value t 0 and zero-mean fluctuationt. This decomposition in Eq. (29) arises because, according to the ADM spatial coordinate transformation dx a → dx ′a = dx a + N a dt 0 of the spacetime (M, g µν ) with the signature (+, −, −, −), we set the proper time of the local theta particle system, which is, in the present case, also that of the matter system Ψ, as
by employing an a priori and reversibly flowing time t 0 that is used in the ADM decomposition just as a reparametrizable parameter. [42] Consequently, the trials of time increment δt fluctuate around the trial mean with a non-zero relative variance. This relative variance sets the lower-bound time scale for TRpS breaking. Specifically, below this critical time scale, time-dependent processes of the Universe described by using proper time flows t having the ground state expectation value t 0 are not gauge invariant (i.e., not distinguishable) with respect to the gauge transformation t 0 → t 0 +t. So, we identify this relative variance with σ in Eq. (17), both of which are the dispersion of time increment trials and the critical time scale for the distinguishability of Σ t0 , in the presence of a group velocity of the spatial displacement of Σ t0 in M under superposition. Here, it is consistent to assume that the behavior of the time increment fluctuation is governed by a certain statistical law, which can be set independently from the model in Sec. II: in particular, its relative variance σ is to be treated as a physical constant of nature (Milburn postulated that such a σ is Planck time [37] ).
IV. MEASUREMENT PROCESSES
A selective quantum measurement consists of two processes: non-selective measurement that makes the state be a mixture of eigenstates, and the subsequent event reading. There have already been many proposals for the non-selective measurement [6] [7] [8] [9] [10] , but no proposal for the event reading exists. In this section, we show that these two processes accompany TRpS breaking.
In time-dependent processes of the matter system Ψ with its Hamiltonian H, the statistical variance of time increment trials that accompanies TRpS breaking is represented by the non-unitary time evolution of the state vector of the system Ψ in the Schrödinger picture, as seen in the following way. In the Schrödinger picture, the time-evolution equation of the state vector |Ψ(t) of the matter system Ψ is the Schrödinger equation. We write it in the time increment formalism using the proper time of both the local theta particle system and the matter system Ψ as
The average of its formal solution over time increment trials is
when the time increment trials δt are simply assumed to follow a normal distribution ϕ(δt) with mean µ and variance σµ [38] . This formula gives the time evolution of the averaged state vector |Ψ in the history representation
For Ψ|, we change t to −t in Eq. (34) . In Eq.(34), the first exponential factor gives unitary time evolution. To understand the formal meaning of the second exponential factor, we note the following points. In quantum mechanics, a Hamiltonian H is a Hermitian operator. So, for its real eigenvalues {λ}, there exists a unique spectral family {d H(λ)}. From the projection property of the spectral components d H(λ), it follows that
Due to this, on average, the second exponential factor in Eq. (34) forms a family with the properties of a contraction semi-group with parameter t. This is a dynamical state change based on the Schrödinger equation. Now, we consider an unaveraged state change with no dynamical element. For two different time increment trials δt 1 and δt 2 , the equivalence ≃ of two state vectors up to a phase-factor difference
holds if and only if the unaveraged state vector |Ψ(0) is an energy eigenstate. When quantum coherence of |Ψ (0) with respect to the expectation values of all observables, { A }, exists, the time increment fluctuation cannot be described by using |Ψ(0) or imposing Eq.(36) on |Ψ(0) (instead, it can be described by using |Ψ(0) and imposing Eq.(32) on |Ψ(0) ). This is because Eq. (36) is the condition for a state change with no dynamical element (i.e., no change of time) and thus it cannot extinguish the quantum coherence. However, just after a non-selective energy measurement of a pure state |Ψ (e.g., the time evolution resulting from Eq. (34)), viewed as the preparation of the state |Ψ(−0) just before the event reading at t = 0, quantum coherence of |Ψ(−0) with respect to { A } cannot be observed (i.e., that, for A, its total interference is less than its uncertainty width). At such a time, for the unaveraged state vector |Ψ(0) , Eq. (36) induces a quantum state reduction that satisfies the Born rule [1] : this is the subsequent event reading. Finally, we make two remarks. First, the lifetime t life of quantum coherence of |Ψ with respect to { A } is equal to the characteristic time of exponentially decaying off-diagonal elements of the averaged density matrix |Ψ Ψ| expressed in the energy eigenbasis. From this, we obtain t life = 2 2 /(σ(∆E) 2 ). Second, because the Hamiltonian in quantum mechanics does not have a canonically conjugate operator, von Neumann-type entanglement [39] between a given quantum measured system ψ with measured observable O and the event reading system Ψ with energy eigenstates is to be by unitary time-evolution of a quantum energy feedback process n c n |O n |E 0 → n c n |O n |E n , controlled by an external agent, in the open quantum system ψ + Ψ where the energy reservoir is traced out. This O-to-E conversion process reflects, and is subsequent to, the non-selective measurement of the observable O in the system ψ.
V. SUMMARY AND DISCUSSION
In our model, we have proposed the scheme shown in Eq. (15) consisting of Θ, λ and Ψ in the time increment description. Summarizing the contents of the diagram Eq. (15) briefly, the superposed form collisionless equilibrium (i.e., double Lynden-Bell) distribution of a local theta particle system Θ is dynamically generated from the initial ferromagnetically ordered distribution prepared by the matter system Ψ, provided Ψ is spatially macroscopically coherent, via the coupling of its vector part with the configuration of the shift vector. This configuration is a ferromagnetically ordered spatialdiffeomorphism that is gauge independent and generated from the spatial quantum coherence structure of Ψ (refer to Fig.1) . Then, this local theta particle system Θ converts the reversibly flowing time t 0 into an irreversibly flowing (see the argument below) proper time t with increments fluctuating within the world for the matter system Ψ by the spontaneous breaking of TRpS due to the existence of the TRp invariant double Lynden-Bell potential Eq.(23) for the time lapse; the time lapse is rescaled in the ground state Eq. (25) in two ways (see Eq. (27)).
[On the other hand, spatial diffeomorphism invariance is not broken. The reason why spatial diffeomorphisms behave differently from TRp is that the physical part H c of the total Hamiltonian of the whole system is spatialdiffeomorphism-gauge independent and is invariant under TRp only.] By solving the Schrödinger equation of the state vector written in the time increment formalism (e.g., Eq.(31)), we have shown that this conversion of time results in non-unitary events, which include gravitational state mixings (that is, non-selective measurements) and event readings, in the world for the matter system Ψ, with irreversibility arising from using the time fluctuationst in Eq. (29) but expressed by using the a priori reversible temporal flow t 0 .
FIG. 1:
A physical Sen spin configuration in Σt 0 at a time instance t0 is schematically shown at a quantum mechanical spatial scale. Here, every Sen spin has no momentum and is fixed at a spatial point in Σt 0 . The center boxed red domain and the outer boxed blue domain represent a coherence domain belonging to an exceptionally minor fraction of space and an incoherence domain, respectively. The five thick red aligned arrows represent the frozen Sen spins N a phys with broken TRpS. The twenty thin black random arrows represent the bulk Sen spins N a phys which have variable moduli due to TRpS. TRpS breaking is induced by theta particles (not shown) attracted and confined to the coherence domain via ferromagnetic coupling with the Sen spins and among themselves in the coherence domain. While the TRpS unbroken phase is normal and can be described by canonical gravity, the TRpS broken phase never appears in canonical gravity before the extension.
In our interpretation of quantum mechanics, we reverse the roles of particles and space-time in uncertainties of the positions and momenta of particles. Namely, while the original positions q a and momenta p a of the localizable second-quantized particles in Ψ are simultaneously definite variables, at every time, uncertainties of q a and p a are owned by space-like hypersurfaces as the uncertainties of the variables x a and h a grav (x), respectively. In the case of positions, we have discussed this ownership by space-like hypersurfaces in Sec. III. In the case of momenta, this ownership by space-like hypersurfaces is realized via the replacement of a particle momentum uncertainty ∆p a | mat arising from the field h a mat with a space-time momentum uncertainty ∆p a | grav (q) at the originally definite particle position q a . This replacement is allowed by the momentum constraint h a (q) = 0 in the whole system, and the space-time momentum uncertainty ∆h a grav (q) at the originally definite particle position q a is defined by the root mean square error in the identification of the originally definite momentum of a particle in Ψ by using the momentum probability density of this particle as the weight of the root mean square. In our picture, quantum states of space-like hypersurfaces related to their semi-classical background Ψ give quantum eigenstates of the observable particle position or particle momentum under superposition and the observable particle position and particle momentum are mutually exclusively definite canonical variables satisfying the canonical commutation relation. We treat the particle spin separately because it is independent from the spatial motion of the particle.
Next, it is worthwhile to briefly compare our proposal for resolving the measurement problem with a few other proposals that have formal completeness in the description by a state vector. First, the essential difference from the program of quantum decoherence [6] [7] [8] is that, while that approach must describe the time-dependent processes considered in the measurement problem statistically using the mixed state of the quantum system with a density matrix, our mechanism for non-unitary timedependent processes works fundamentally with the state vectors. Second, compared with the continuous spontaneous collapse model in Ref. [9] , the advantage of our model is that, while the evolution law of the continuous spontaneous collapse model is modified a priori, ours is not except for introducing a lower-bound for the time scale of TRpS breaking; in particular, our time-evolution equation is not modified from the Schrödinger equation. Finally, a particularly novel feature of our proposal is that, in the mechanism invoking gravity, the main source of its properties is not gravity itself but a particle, that is, the theta particle, which we hypothesize to be cold dark matter. This feature and our gravitational state mixing mechanism distinguish our proposal from the Diòsi-Penrose proposal for quantum state reduction [12, 13] .
We close this paper by offering a perspective. In the quantum mechanical regime of the theta particle system, there is pairing instability in the ground state because the theta particle is a fermion and its self-interactions through the aligned spin are attractive [40] . In such a situation, we expect, below a certain critical temperature, the realization of superconductivity-like macroscopically coherent behavior by quantum theta particles evading the Pauli exclusion principle. If our proposed mechanism can be tested experimentally, then investigating this aspect of our model, and in particular determining the scale of the critical temperature, will be a significant issue. It must be done at the same time as primary determination of the scales of the two coupling strengths and the mass of theta particles, in connection to the issue of the thermodynamic limit, and examination of the behavior of the time increment fluctuation accompanying TRpS breaking.
